Icing load and icing rate are necessary feedback variables for an intelligent anti/de-icing system to work effectively in harsh cold environment of high north. These parameters may be measured by axial loadings or by rotational loadings, as a function of current demand. However the former may not necessarily be dynamic, whereas the later necessarily be rotational. Sufficiently at a fixed rpm, a mathematical model between additional polar moment of inertia vs electrical demand of the sensor can be established to analytically shape the icing load and icing rate adequately as hypothesized in Cost 727. This paper aims to develop such model and is validated using experimental data from a case study conducted by Atmospheric Icing Research
Introduction
Generally atmospheric icing is considered as a potential hazard for structures particularly in polar domains. Icing is often accepted as an inconvenience, but that tolerance can rapidly become a safety hazard that may require solutions [1] . To reduce the effects of atmospheric ice accretion, necessary design modifications coupled with selective anti/de-icing system is required for these structures/platforms. An efficient anti/de icing system is some how dependent upon the information from the atmospheric icing sensors and works on the principle to optimize the energy demand based upon the feedback related with accreted icing load, icing rate and preferably ice type information from the icing sensor. Therefore the most important variables for an icing sensor are icing load and icing rate. Today there are few available solutions/sensors that can measure icing load and icing rate, such as IceMonitor TM by Combitech [2], Sweden and IceMeter TM by IAP, Czech Republic [3] which work using load cells. Both of these sensors use axial load physics to measure the required parameters. Also HoloOptics icing rate sensor [4] uses near infrared electromagnetic band absorption scheme to distinguish between different types of ice whereas Rosemount icing sensor uses ultrasonic probe based upon magnetostrictive technology to measure icing rate. One possible drawback with most of these sensors is the non-symmetric distribution of the ice load around the sensor as due to free rotation, ice deposit on the windward side and hence the wind loads on icing sensor generally effect the resultant icing load measurements. Also there are some recommended changes in icemeter as mentioned in [5] , i. Possibility to build an instrument with a rotating collector. ii. More focus on the sensors that measure accumulated icing.
These recommendations are based upon a hypothesis without any analytical or experimental validation. Keeping in view the limitations of available sensors in the market, a prototype atmospheric icing sensor as been developed by Atmospheric Icing Research Team. This sensor utilizes rotational load measurement physics for measuring icing load and icing rate together with capacitive loading to detect an atmospheric icing event, icing type and melting rate. In this paper, an analytical relationship between a motor's load (at fixed rpm) and current is aimed to be developed in order to analytically and experimentally support the hypothesis during the research expedition at Cryospheric Environmental Simulator, Shinjo, Japan. This sensor utilizes constantly slowly rotation for two purposes, i. To measure icing load and icing rate using rotational physics ii. To provide uniform deposition of atmospheric ice on the capacitive plates
Curvilinear Motion
In Figure 1 the curvilinear motion is shown in the general form where denotes the angle between the force and radius vector position. According to Newton's second law, force vector that produces is represented by normal and tangential components, namely,
where ̂ is the unit normal vector, ̂ is the unit tangential vector, is the normal component of acceleration directed to the center of the circle and is the tangential component of the acceleration for an object. Note that the position vector ⃗ in Figure 1 is other than which is the radius of curvature of the field. However if the motion is on a cylinder of radius ⃗ then it is reasonable to assume that the magnitude of | ⃗| = . Similarly if a body of mass with an effective radius passing through its center of mass will have a mass moment of inertia , given as, [6] The mass moment of inertia of other circular geometries can also be found, the results can be seen in Figure 2b . Sufficiently the mass moment of inertia of same body of mass around any other axes can be determined using the Parallel Axis Theorem which states, the rotational inertia of an object about any axis is given by the sum of the rotational inertia about an axis that goes through the center of mass and is parallel to the given axis, and of the product of the total mass of the object and the square of the perpendicular distance between the two axes. Mathematically it can be written as,
If it is considered that the system is only rotating at constant rpm Ω, then the Kinetic Energy . . of the system can be written as Equation 4 ,
3 Analytical Study of Rotational Load Measurement
The physics for measuring forces in curvilinear motion in any system should start by an energy method or principle of conversation of energy. For rotational loading measurements it is typically considered that the electromechanical systems follow the law of conversation of energy, which is given as,
Power-Loading Relationship
Typically, the power input to the motor could be described as,
where is power input, is voltage input, is the current input and can be any constant (e.g. calibration constant). Similarly the power output can be defined as,
where is power output, . . is the kinetic energy output, is calibration constant, defines the losses (field loss, armature loss, rotational losses etc.) associated with the motor performance and Ω is the angular speed of the load. Equation 4 can also be rewritten as,
Current-Inertia Relationship
where is any constant (e.g.
calibration constant). Using Equation 5 and Equation 7 in Equation 6
, we Equation 8 can be formed.
− = Ω 3

Equation 8
Equation 8 can be simplified to formulate Equation 9 = +
Equation 9
where = / Ω 3 and = − / Ω 3 , are constants. The Equation 9 is named as − or − relationship. This shows that mass moment of inertia can be considered as a linear function of input current, provided the sensor rotates at constant rpm. As it is understood that there will be some initial mass moment of inertia (mass moment of inertia due to complete rotational system without ice) associated with the system hence motor would draw some fixed current , and Equation 9 can be written as,
and is the radius of gyration of atmospheric ice, which is equal to / where is a forced rotation constant which lies in the interval [0.5,1] and is assumed to be a function of Reynold number, rotational rate, supercooled water droplets freezing fraction [7] colliding with rotational part of the sensor and thickness of the rotating fins. An average value = 0.7 is considered for a standard material. Therefore a linear relationship between icing load and additional current can be written as,
where = / 2 and = ( − + )/ 2 . Ideally = 0. Equation 11 is therefore named as − or − relation. Using the experimental results one can calibrate the constants and in Equation 11.
Calibrating Current Sensor through Validating Motor Loading
After the prototype manufacturing of new icing sensor [8] , the sensor need to be tested for the uniform deposition of atmospheric ice around the complete rotational part for an adequate loading on the motor. The starting masses of different rotating parts of manufactured prototype of an icing sensor (see Figure 3b ) are tabulated in Table 1 . Before starting the actual experimentation of the prototype icing sensor, it was required to calibrate the sensing mechanism of the sensor. The current sensor used in the system was calibrated at a standard room temperature by measuring the digital output voltage due to varying rotating masses and rotational speed of the sensory system. The calibration was done under ideal conditions at room temperature to test the functionality of the motor under different rotational loadings. The calibration curves are shown in Figure 4 . Using the calibration curve of current sensor as outlined in Figure 4 where is measured voltage of the sensor which varies 0 → 5000 for the current variation which varies between −30 × 10 3 ↔ 30 × 10 3 and is the total mass moment of inertia of prototype icing sensor. Here 
(a). Dimensions of Rotating cylinder with four fins, (b). Exploded view
Equation 13 is found at 6rpm, therefore for different rpms' different relations can be found. Now using Equation 12 in Equation 13, the − or − Calibration Relationship can be found and is given by Equation 14,
. Current Sensor Calibration Graphs without ice at room temperature
As it is understood that the electrical output will be in the form of current, therefore based upon our assumption in 3.2, we assumed a forced rotation constant . Therefore using = 0. 5 Cryospheric Environment Simulator CES, Shinjo Japan Cryospheric Environmental Simulator [9] is one of the four facilities of NIED [10] for performing basic and applied studies related with snow and ice disasters using a snow fall machine and icing wind tunnel. To validate the rotational physics for atmospheric icing sensor of Narvik University College, Cryospheric Environmental Simulator 'CES' was the most suitable choice. The test section dimension were 1 × 1 as can be seen in Figure 5 .
(a). CES Icing Wind Tunnel (b). CES Icing Wind Tunnel Test Section Figure 5. CES Icing Wind Tunnel
During this phase of experimentation icing wind tunnel at CES was utilized. The ice was allowed to deposit on a cylinder with four fins (shown in Figure 3a) rotating at a constant rpm Ω = 6 . During experimentation the base of the icing tunnel test section was used as a separation between rotating and stationary component as to simulate the rate and shape of ice accretion on the rotating part of the sensor only. The other prevailing environmental conditions around the sensor are provided in Table 2 . The actual liquid water content information was not available at the NIED experimental facility, however Figure 7 simply display the domain of probable values of LWC to be encountered during in-flight atmospheric icing. Also the complete experimental setup can be seen in Figure 6 . IceMonitor TM [2] (a freely rotating sensor) was also used in order to understand difference in the dynamics of ice deposition on a system with forced rotation and freely rotation. 
(a). Experimental Table -Top View (b). Experimental Table -Side View
Time of Experiment 110
Wind Speed 10 / 
Calculating Mass Moment of Inertia of Ice
As mentioned before that the cylinder with plates was rotating around the shaft therefore its mass moment of inertia was calculated and the mathematical relations were developed (Figure 2b and Equation 3) and the results are shown in Table 3 . Here it is assumed that the mass of the atmospheric ice grow symmetrically around the fins which add into the actual mass of the plates. This extra mass of the accreted atmospheric ice is measured by a digital weighing machine placed under the experimental equipment. The mass of the atmospheric ice was then further used to determine the mass moment of inertia of the whole rotating system using Equation 16 . This extra mass moment of inertia of the atmospheric ice with mass of the atmospheric ice is the main variable in the calculation therefore it is essential to compare the data between the actual mass moment of inertia and mass moment of inertia value delivered through the current sensor through the final calibration equation 
Experiment at CES
This experiment was performed in wind tunnel of CES. The rotating part of the sensor was located near the test section floor as this setup was considered to be similar with the actual sensor where the bottom part is stationary and acting as a stationary ground for the rotating part. Also after experiment it was observed that due to the forced rotation mechanism the distribution of ice was uniform and no obvious ground effects were observed due to rotation. The measurement setup can be seen in Figure 8c . The calibrated relation between mass moment of inertia and current loading is given by Equation 17 whereas the experimental mass moment of inertia and current loading equation is given as Equation 18 and graphical results are shown in Figure 9a . As the prototype icing sensor rotating shaft was passing through the test section floor into the motor residing in the stationary part of the sensor therefore the diameter of the hole in the test section floor was critical. It was initially observed that reducing the diameter of the floor to 32 (prototype icing sensor's rotating shaft diameter was 30 ) was not suitable because the base of the icing tunnel test section was slightly vibrating as a function of wind speed and causes some unavoidable frictional effects due to frequent touching with the rotating shaft of the motor. It was tried to reduce this problem by slightly increasing the diameter of the test section floor, however this problem was not completely eradicated due to the constrain to not provide additional path to blowing wind. These small frictional effects were possibly amplifying the current requirement of the motor to maintain the rpm. However in actual condition there will be no such separation layer between the rotational unit and stationary unit of the sensor. Also due to the geometric constrain of the icing tunnel section size, it was not possible to mount the complete sensory unit (rotating and stationary).
However inspite of such discrenpency the results are linear and reflecting a useful relationship.
As reflected in Figure 3a , the overall diameter of the rotating cylinder with fins was = 348 and according to Duraisamy et. al. [12] if the wall distance (1000 in this case) is less than three times the chord (1044 in this case) then there can be a significant lift vector augmentation (compared to freestream test) both in steady and unsteady flows. On a typical lifting surface as like an airfoil [12] , the direction of lift vector is orthogonal to the lifting surface therefore the vertical height of the tunnel is considered as a reference dimension. Similarly on rotating non stream-line geometries as like the rotating cylinder with fins the direction of lift vector is again orthogonal to the rotating surface, in the radial direction which in our case is sideways therefore the width of the tunnel is considered as the reference dimension. Therefore it is assumed that the results of [12] may still be applied. Although the direct effect of this lift vector will not be much significant as the rpm is quite low but nevertheless the three dimensional/end effects (tip vortices) may be responsible for the increase in the value of lift coefficient compared with that achieved in a purely two dimensional flow. It may also be one of the possible reason of deviation between calibrated and experimental − relation. Also as calculated the Reynold Number of this experiment is approximately = 265802 ( = / ) and the rotational rate is calculated as = 0.019 ( = Ω/v) which reflect the flow is turbulent and vortex shedding can be observed as < 1.91, for details see Mittal and Kumar [13] . Therefore the wall and boundary effects may be significant during this experiment. The mass current relation of Prototype Icing Sensor was also determined experimentally and is given by Equation 19 and the graphical representation can be seen in Figure 9b . Table 4 . Similarly using the analytical relations Equation 11 and the experimental prevailing conditions value of was calculated which is given in Table 5 . Also a comparison of the values of (analytical and experimental Equation 22) is shown in Table 5 . 
Conclusion
Experimental testing of prototype icing sensor for rotational loading proves the associated physics for an adequate measurement of icing load and icing rate. In this paper, it was aimed to mathematically model the ice growth rate around a rotational prototype sensor in order to calculate the icing load and icing rate by measuring the variation in the current demand. The focus of this experiment was to compare the analytical, calibrated and experimental values of the parameters , and . After looking at Table  4 and Table 5 , it can be conveniently deduced that although there is a deviation between the experimental, calibrated and analytical values due to natural constraints of lab based experimentation in the icing tunnel (size, scaling etc) but nevertheless the results were linear and hence the results can be more improved by introducing some other constants in the calibration equation depending upon the experimental boundary conditions. Based upon this understanding forced rotation constant = 0.7 (which is dependent upon the freezing fraction, reynold number, rotational rate and thickness of the rotating fins) is introduced into the analytical and calibration relationships. After experiment it was observed that due to the rotation mechanism the distribution of ice was uniform and no obvious ground effects were visible due to rotation. There were no clear indications of ice deposition between the sensor and the test section base and even on the sensor top surface, which may be due to the vorticity of the rotating cylinder. In another experiment these ground effects were prominent on ice load monitor and non rotating polygon. Here it is also found that if the rotating fins are assumed to be some electrode plate with some necessary circuitry inside the rotating cylinder then adequate deposition of atmospheric ice on the plates may support the electronic measurements to some extent. It is mentioned in Cost 727 that a slowly rotating sensor may provide a better ice deposition and icing load characteristics, hence this testing may support this to a reasonable level based upon constantly slowly rotating cylinder with four fins.
